Longitudinal circulating tumor DNA (ctDNA) has been shown to predict response and survival in patients with metastatic melanoma treated with anti-programmed cell death 1 (PD-1) antibodies. Pseudoprogression, defined as radiologic finding of disease progression prior to response, has been a challenge to clinicians.
A nti-programmed cell death 1 (PD-1) antibody alone or in combination with ipilimumab is a standard of care in the treatment of metastatic melanoma. [1] [2] [3] Aprevious study 4 demonstrated that an undetectable circulating tumor DNA (ctDNA) at baseline or within 8 weeks of therapy was an independent predictor of response and survival in PD-1 antibody-treated patients with melanoma. Pseudoprogression, a response that occurs after the initial development of new lesions or an increase in the size of target lesions, occurs in up to 10% of patients treated with PD-1 antibodies. 5 Confirmation of pseudoprogression requires subsequent imaging, imposing an ongoing challenge despite the development of newer criteria, such as the immune-related response criteria (irRC). 6 In this study, we sought to determine if baseline and early therapy measurements of ctDNA can differentiate pseudoprogression from true progression in patients with melanoma treated with PD-1 antibodies.
Methods

Patients and Treatment
Patients with stage IV melanoma and established BRAF (GenBank NM_004333.5)orNRAS (GenBank NM_002524.4) mutations treated with pembrolizumab or nivolumab alone or in combination with ipilimumab between July 03, 2014, and May 24, 2016, were included. Approval for this study was obtained from the Melanoma Institute Australia review board. Written informed consent was obtained from all patients under approval of the Royal Prince Alfred Hospital Human Research ethics committee. Patient clinicopathologic features were collected as previously described. 4 
Response Assessment
Objective response was assessed retrospectively with computed tomographic scans and/or magnetic resonance imaging of the brain at 12 weekly intervals using the Response Evaluation Criteria in Solid Tumors (RECIST) guideline, version 1.1.
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Patients with progressive disease on the first restaging scan were included. Inclusion and exclusion criteria are outlined in Figure 1 and eMethods 1 and 2 in the Supplement. Survival data were collected on patients with partial response for comparative survival analysis.
Response was also determined using irRC. 6 Pseudoprogression was defined as more than 25% increase in tumor burden at imaging assessment 1 (week 12) and not confirmed as progressive disease per irRC at assessment 2.
8
Profile Groups of DNA and LDH Blood samples were collected prospectively at baseline and at regular intervals during therapy, and ctDNA was processed as previously described (eMethods 3 in the Supplement). 4 Patients were classified according to their ctDNA profile. A favorable ctDNA profile was defined as follows: (1) undetectable ctDNA at baseline that remained undetectable or (2) detectable ctDNA at baseline that became undetectable or decreased by at least 10-fold during treatment. An unfavorable ctDNA profile was defined as detectable ctDNA at baseline that remained stable or increased during treatment.
Patients were also classified as favorable and unfavorable according to their lactate dehydrogenase (LDH) profile using the model proposed in a previous study (eMethods 4 in the Supplement).
9
Statistical Analysis
A Cox proportional hazard model was used to estimate hazard ratios (HRs) conditional to the ctDNA at each landmark time point and included only patients who were alive at that time.
The analysis was performed using R, version 4.3.1 (R Development Core Team). Additional statistical methods are described in eMethods 5 in the Supplement.
Results
Patient Characteristics
Of 125 patients, 29 had progressive disease at the first restaging ( Figure 1 ). Of these, 17 (59%) were 65 years or younger and 18 (62%) were men. Median follow-up duration was 84 weeks (range, 13-128 weeks), and 13 of the 29 patients (45%) were alive at the time of analysis. Of the 29 patients, 9 (31%) had pseudoprogression and 20 (69%) had true progression (eTable in the Supplement). A favorable ctDNA profile was observed in 11 of the 29 patients (38%). Two of these (18%) had an undetectable ctDNA profile at baseline, 5 (45%) had detectable ctDNA at baseline that zeroconverted within 6 weeks, and 4 (36%) had a detectable but 10-fold decrease in their ctDNA by week 12 (Figure 2 ).
Patients With Disease Pseudoprogression
All 9 patients with pseudoprogression had a favorable ctDNA profile: 2 (22%) with an undetectable ctDNA profile at baseline, 4 (44%) with detectable ctDNA at baseline that zeroconverted, and 3 (33%) with a greater than 10-fold
Key Points
Question What is the predictive value of circulating tumor DNA in differentiating pseudoprogression from true progression in patients with metastatic melanoma treated with anti-programmed cell death 1 antibodies?
Findings In this cohort study of 125 patients with metastatic melanoma who were treated with anti-programmed cell death 1 antibodies, the number of circulating tumor DNA copies was reduced by greater than 10-fold within 12 weeks of treatment and accurately identified patients with pseudoprogression. These profile patterns of circulating tumor DNA were significantly associated with overall survival.
Meaning Reduction in the number of circulating tumor DNA copies within 12 weeks of anti-programmed cell death 1 inhibitor treatment represents a liquid molecular biomarker profile for prognosis. decrease in ctDNA by week 12 (Figure 2 ). Of these 9 patients, disease in 3 (33%) subsequently progressed at 30, 43, and 78 weeks; 2 patients (22%) died of disease progression at 110 and 128 weeks. Patients whose disease progressed at 30 and 43 weeks had a ctDNA profile that remained detectable despite a 10-fold decrease within 12 weeks. Examples of ctDNA profiles and imaging of patients with pseudoprogression are described in eFigures 1 and 2 in the Supplement.
Patients With True Disease Progression
Of the 20 patients with true disease progression, 18 (90%) had an unfavorable ctDNA profile (Figure 2 ). At the time of analysis, 6 of 20 patients (30%) were alive; 2 of these (33%) underwent extensive metastectomy of progressing lesions, while the remaining 4 patients (67%) had melanoma with BRAF mutation and received salvage mitogen-activated protein kinase (MAPK) inhibitor therapy. Median survival in patients with true progression was 41 weeks. Two patients who had true disease progression but a favorable ctDNA profile were further analyzed. Patient 1 had radiologic response in existing lesions with development of a new necrotic lymph node at week 12 (irRC partial response). Analysis depicted elevated baseline ctDNA that zeroconverted at week 6 and became detectable again by week 12 (eFigure 3 in the Supplement). This patient was categorized as having a favorable ctDNA profile because of ctDNA zeroconversion at week 6. The ctDNA increase by week 12 was indicative of true progressive disease and predated radiologic progression at week 27. Patient 2 received combination immunotherapy with disease progression despite a 10-fold decrease from baseline in ctDNA. Treatment was ceased at week 12 and changed to MAPK inhibitor therapy without further radiologic assessment.
Patient Outcome and Survival
The sensitivity of the ctDNA profile in predicting pseudoprogression from true progression was 90% (95% CI, 68%-99%) and the specificity was 100% (95% CI, 66%-100%). The LDH profiles (eFigure 4 in the Supplement) had a lower sensitivity (60%; 95% CI, 36%-81%) and specificity (89%; 95% CI, 52%-100%). The profile of ctDNA had a higher positive (100% vs 92%) and negative (82% vs 50%) predictive value when compared with LDH.
The HR for overall survival of patients with a favorable vs unfavorable ctDNA profile was calculated using landmarked data for 27 patients at week 6 (HR, 3.9; 95% CI, 2.1-14.0; P =.02) and 29 patients at week 12 (HR, 3.3; 95% CI, 1.0-10.5; P = .03). Overall survival was longer in patients with a partial response (54 of 125 patients [43%]) compared with patients with progressive disease (11 of 125 [9%]) with favorable ctDNA profile (HR, 0.09; 95%CI, 0.01-0.80; P < .001). The 1-year survival results were 100% for patients with a partial response, 82% for a favorable ctDNA profile, and 39% for an unfavorable ctDNA profile ( Figure 3) .
Discussion
Identification of pseudoprogression in patients with melanoma receiving immunotherapy with PD-1 antibodies is a particular challenge. Early recognition of this unique response pattern has important implications for patient management. Recognition of this response pattern prevents premature termination of potentially effective treatment and may influence the selection and administration of optimal sequential therapy in a time-sensitive manner.
8 Within 12 weeks of therapy, ctDNA profiles accurately identify pseudoprogression from true progression. A total of 16 deaths occurred in patients with Response Evaluation Criteria in Solid Tumors (RECIST) progressive disease at week 12. All deaths were related to disease progression at a median follow-up of 110 weeks (range: 13-167 weeks). Landmarked data were used to calculate hazard ratio (HR) of overall survival for 27 patients at week 6 and 29 patients at week 12. Results include an unfavorable ctDNA profile at week 6 (HR, 3.9; 95% CI, 2.1-14.0; P = .02) and week 12 (HR, 3.3; 95% CI, 1.0-10.5; P = .03). The 1-year overall survival was 100% for patients with partial response, 81.8% for those with a favorable ctDNA profile, and 38.9% for those with an unfavorable ctDNA profile.
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Limitations
Limitations of this study include the retrospective analysis of radiologic responses, the earliest initial restaging scan at 12 weeks for all patients, and the lack of more frequent imaging to match ctDNA time points. The digital droplet, polymerase chain reaction mutation detection technique used to monitor ctDNA is only applicable to the 70% of patients who have an identifiable mutation. 4 
Conclusions
Circulating tumor DNA has the potential to be an early treatment decision-making tool, and novel clinical trial designs could use ctDNA profiles to identify patients for treatment escalation. The use of ctDNA to identify these unique response measures should be explored for additional diseases beyond melanoma. Peripheral blood samples from patients were collected prospectively at baseline and at regular intervals during therapy, as previously described [4] . In brief, plasma samples were processed within 4 hours of collection. ctDNA was extracted from at least 1ml of plasma and digital droplet PCR subsequently performed.
eMethods 4. Circulating Tumor DNA (ctDNA) and Lactate Dehydrogenase (LDH) Profile Groups
A favorable ctDNA profile was defined as undetectable ctDNA at baseline, which remained undetectable during treatment or detectable ctDNA at baseline which became undetectable or decreased at least 10-fold within 12 weeks of treatment. An unfavorable ctDNA profile was defined as persistently detectable ctDNA which showed minimal change or increase in copy numbers during the 12 weeks of therapy.
Patients were also classified as 'favorable' and 'unfavorable' according to their LDH profile using the model proposed in a previous study. A favorable LDH profile was defined as normal LDH at baseline, a relative decrease of > 27.3% from baseline to on treatment, or an LDH > upper limit of normal (ULN) which became normal during treatment or had a relative decrease of > 27.3% from baseline to on-
therapy. An unfavorable LDH profile was defined as LDH persistently > ULN or an increase of 39%
(and > ULN) from baseline. Table 1 . Landmark analysis was performed to explore the association of ctDNA and overall survival. Patient's ctDNA profile was sequentially assessed at two landmark time points, 6 and 12 weeks respectively. Cox proportional hazard model was used to estimate hazard-ratios (HR) conditional to the ctDNA at each landmark time point and including only alive patients at that time. This statistical analysis was performed using R version 4.3.1. 
